The primary goal of cartilage tissue engineering is to recapitulate the functional properties and structural features of native articular cartilage. While there has been some success in generating near-native compressive properties, the tensile properties of cell-seeded constructs remain poor, and key features of cartilage, including inhomogeneity and anisotropy, are generally absent in these engineered constructs. Therefore, in an attempt to instill these hallmark properties of cartilage in engineered cell-seeded constructs, we designed and characterized a novel sliding contact bioreactor to recapitulate the mechanical stimuli arising from physiologic joint loading (two contacting cartilage layers). Finite element modeling of this bioreactor system showed that tensile strains were direction-dependent, while both tensile strains and fluid motion were depth-dependent and highest in the region closest to the contact surface. Short-term sliding contact of mesenchymal stem cell (MSC)-seeded agarose improved chondrogenic gene expression in a manner dependent on both the axial strain applied and transforming growth factor-β supplementation. Using the optimized loading parameters derived from these short-term studies, long-term sliding contact was applied to MSC-seeded agarose constructs for 21 d. After 21 d, sliding contact significantly improved the tensile properties of MSC-seeded constructs and elicited alterations in type II collagen and proteoglycan accumulation as a function of depth; staining for these matrix molecules showed intense localization in the surface regions. These findings point to the potential of sliding contact to produce engineered cartilage constructs that begin to recapitulate the complex mechanical features of the native tissue.
Introduction
The load-bearing capacity of articular cartilage is enabled by a set of unique mechanical and biochemical properties that are both inhomogeneous (depth-dependent) and anisotropic (direction-dependent). The solid extracellular matrix (ECM) of cartilage is primarily composed of proteoglycans enmeshed within a type II collagen network (Mankin et al., 1994; Muir, 1980) . Together, these matrix molecules govern the compressive and tensile properties of cartilage, which resist the stresses arising from joint movement. While the equilibrium compressive modulus is high (0.2-1.4 MPa) for a soft tissue Athanasiou et al., 1991; and inhomogeneous through the depth (lowest in the superficial region, highest in the deep zones), the tensile modulus (1-30 MPa) is an order of magnitude higher and is critical to tissue function (Akizuki et al., 1986; Roth and Mow, 1980; Woo et al., 1976) . The organization and orientation of collagen fibers dictate tensile properties, which are highest in the superficial zone (the region of highest collagen content) and in the split-line direction (parallel to fiber orientation) (Mow and Guo, 2002; Woo et al., 1976) . This disparity between the equilibrium compressive and tensile properties enhances the ability of cartilage to resist physiologic cyclic loading (Cohen et al., 1998; .
The development of these depth-and directiondependent properties is directed in part by mechanical forces; mechanical loading with motion induces remodeling of the immature matrix (Archer et al., 2003) , leading to increases in compressive and tensile properties (Athanasiou et al., 2000; Kempson, 1991; Kempson, 1982) . The increases in tensile properties correlate with increases in collagen content and cross-linking (Charlebois et al., 2004; Williamson et al., 2003a; Williamson et al., 2001) . In the absence of this loading environment, the tensile properties of embryonic and juvenile cartilage explants decrease, in conjunction with decreases in collagen and cross-link density (Williamson et al., 2003c) . These findings suggest that the mechanical demands placed on cartilage lead to rapid changes in collagen content and organization, allowing the tissue to achieve its mature load bearing function.
While the healthy tissue is able to withstand the high stresses generated by joint loading, this load bearing capacity is often permanently lost with injury or disease, as the healing potential of degenerated cartilage is limited. To meet the growing demands for cell-based therapies, tissue engineering has therefore emerged as one promising strategy. Mesenchymal stem cells (MSCs) are an attractive cell type for these applications, as they can undergo AH Huang et al. Sliding contact loading improves chondrogenesis chondrogenesis within many biomaterial systems and synthesize a cartilaginous matrix (Erickson et al., 2009; Huang et al., 2010b; Huang et al., 2004b) . Under defined chondrogenic media conditions, the equilibrium compressive properties of MSC-seeded constructs can reach as high as 250 kPa . While the compressive properties in engineered constructs are often evaluated, few studies consider tensile properties as a primary design criterion, despite the importance of tensile properties to articular cartilage function. In previous work, we charted the tensile properties of MSC-seeded hydrogels in free-swelling culture and found that while tensile properties initially increased with time in culture as matrix was deposited, within a few weeks tensile properties plateaued to levels far below those of the native tissue (Huang et al., 2008) . Biochemical evaluation showed poor collagen deposition and little collagen organization. Therefore, generating MSC-based constructs with the mechanical complexity and integrity of cartilage remains a challenge; not only are the properties of MSC-seeded hydrogels consistently lower than those of the native tissue (Huang et al., 2010b; Mauck et al., 2006) , but the structural organization of articular cartilage is completely absent. As mechanical stimulation is critical to cartilage development and maturation, bioreactor systems that simulate the native mechanical environment of cartilage may bridge these functional disparities (Grad et al., 2011) . Indeed, dynamic axial compression applied to MSC-based engineered cartilage enhanced compressive properties, though collagen content remained low (Huang et al., 2010a) . While promising, these studies were not designed to generate either depth-dependence or constructs with improved tensile properties. Therefore, to better enhance construct properties and instill depth-and direction-dependent properties, a loading modality more representative of the native joint environment may be required.
The design of such a system is aided by numerous studies of cartilage mechanics during joint movement. In the native joint environment, including that of synovial joints such as the knee and ball-and-socket joints such as the hip, physiologic loading can be best described as a sliding contact between two cartilage layers . Loading is characterized by a moving contact area across curved surfaces and the applied load is largely borne by fluid pressurization (Ateshian and Wang, 1995; Caligaris and Ateshian, 2008) . Fluid pressurization arises within the contact region and shields the solid matrix from excessive deformation (Soltz and Ateshian, 1998) . As fluid is displaced by loading, it travels via the shortest path toward the contact periphery where pressure is low. Theoretical models of frictionless rolling contact show that resistance to fluid motion increases with increased joint congruency (due to longer fluid travel paths), leading to increased fluid load support (Ateshian and Wang, 1995) . Recapitulation of these mechanical events in vitro may improve construct properties and instill a cartilage-like architecture.
To date, relatively few studies have examined the effects of sliding contact on the functional growth of engineered constructs. In one study, a migrating contact applied to adult canine chondrocyte-seeded agarose disks improved the equilibrium compressive properties, though no differences were observed in biochemical content or spatial distribution of matrix (Bian et al., 2010a) . Related studies applying rolling contact (Stoddart et al., 2006) or compression and shear (Grad et al., 2006a; Grad et al., 2005; Grad et al., 2006b ) to chondrocyte-seeded polyurethane sponges showed that these loading modalities modulated chondrogenic gene expression and proteoglycan synthesis, however mechanical properties were not assessed. In one very recent study (Grad et al., 2012) , compression and shear applied over three weeks, increased the indentation stiffness (assessed by AFM) and decreased the friction coefficient of the surface layer of engineered chondrocyte-based constructs. Compression and shear in these studies were applied using an oscillating spherical hip ball and the contact area remained constant with loading, with shear loading superimposed on dynamic compressive loading. Using this oscillating-ball bioreactor, recent studies have also examined the effect of dynamic compression and shear on MSC-seeded fibrin-polyurethane sponges. While MSC gene expression was modulated by loading, the GAG content of constructs was not affected (Li et al., 2009a; Li et al., 2009b) . Changes in gene expression were dependent on the presence and concentration of transforming growth factor-β1 (TGF-β1) during loading (Li et al., 2009a) . Although these findings illustrate the potential of mechanical signals resulting from compression and shear to modulate MSC behavior in 3D cultures, the physical signals imparted by the loading system on the MSCs seeded within these composite biomaterials was not characterized. In addition, none of the studies mentioned above was designed to examine the effect of loading on developing tensile properties or collagen content.
To further this line of inquiry, we developed and characterized a new sliding contact bioreactor system that recapitulates the mechanical stimuli arising from joint motion (two contacting cartilage layers). Finite element modeling (FEM) analysis of sliding contact on agarose (a well-characterized biomaterial) Mauck et al., 2003) showed that tensile strains (parallel to the sliding direction) and fluid efflux/influx were depth-dependent and highest in the region closest to the construct surface. Using this bioreactor system, we demonstrated improved expression of chondrogenic genes with short-term sliding contact of MSC-seeded agarose; these changes in gene expression were dependent on both axial strain magnitude and TGF-β supplementation. We then applied long-term sliding contact to MSC-seeded agarose constructs using the optimized parameters previously determined from short-term studies, and showed improved tensile properties and depth-dependent matrix remodeling with sliding contact.
Materials and Methods
Sliding contact bioreactor A custom, displacement controlled bioreactor ( Fig. 1 ) was constructed to apply sliding contact (SLC) to cellseeded hydrogel strips. The bioreactor consisted of an array of spherical polytetrafluoroethylene (PTFE) indenters (∅25 mm) cut to 10 mm width and length, a lid to maintain sterility, removable polysulfone trays, and a motorized www.ecmjournal.org AH Huang et al. Sliding contact loading improves chondrogenesis motion control system (Soloist, Aerotech, Pittsburgh, PA, USA) to regulate sliding displacement magnitude and velocity (x-direction). Axial displacement (y-direction) was controlled manually with ball-bearing linear stages and actuators (Newport, Irvine, CA, USA). Strips were maintained and loaded in rectangular wells within trays and held in place by clamps on either end, with up to 5 strips per tray. For all experiments, a reciprocating sliding displacement was applied.
Finite element analyses
A finite element model was generated using experimentallydetermined properties and geometries of day 21 MSCseeded constructs. A biphasic material was used with intrinsically incompressible fluid and solid phases . Due to the compressibility of the solid matrix pores however, fluid could transport in or out of this biphasic material, allowing changes in volume. Since cartilage (Cohen et al., 1998; and agarose (Huang et al., 2008; Mauck et al., 2000) are known to exhibit a significantly higher modulus in tension than compression, and since this tensioncompression nonlinearity must be taken into account in order to accurately predict experimental outcomes, the solid matrix was modeled as a fiber-reinforced composite having a continuous, random fiber distribution where each fiber bundle is described by a power law , and a ground matrix modeled as a compressible neoHookean solid (Bonet and Wood, 1997). The power law relationship for the individual fiber bundles was described in an earlier study ) and the associated material parameters used in the FEM were ξ (a measure of the fiber modulus) and power-law exponent α. For the neo-Hookean material, the properties consisted of Young's modulus E Y and Poisson's ratio ν. The permeability of the porous solid matrix to the interstitial fluid was isotropic and constant, given by k. Two of these material parameters were preset: α = 2 was selected to produce a linear tensile response in the range of small strains, consistent with the known behavior of cartilage; and ν = 0 was selected for the porous ground matrix due to the compressibility of the pore space. The remaining three parameters (ξ, E Y , and k) were obtained by curve-fitting the experimental transient unconfined compression stress-relaxation response of six day 21 MSC-seeded constructs (Fig. 2) , using a finite element model that reproduced the geometry of tested disks (∅4 mm, 1.5 mm thick, see Mechanical testing of constructs below). The preset value of ν was justified based on a sensitivity analysis which demonstrated that the unconfined compression stress-relaxation load response is insensitive to changes in ν in the range 0 to 0.15. Direct measures of the Poisson ratio of acellular 2 % agarose reported a value of 0.12 (Cloyd et al., 2007) . To validate these preset and curve-fitted parameters, they were used in finite element analyses that simulated the tensile testing experiments performed on the rectangular constructs. The predicted tensile moduli (extracted from the slope of the finite element analysis stress-strain response) were subsequently compared statistically with the corresponding experimental measurements to verify equivalence and thus validate the curve-fitted parameters.
The finite element analyses for curve-fitting the experimental data in unconfined compression, simulating the tensile response, and modeling the sliding contact between indenter and construct, were performed with the open-source program FEBio available in the public domain (http://www.febio.org), using algorithms valid for biphasic materials undergoing finite deformation (Ateshian et al., www.ecmjournal.org AH Huang et al. Sliding contact loading improves chondrogenesis 2010). Curve-fitting was performed using FEBio's builtin least-squares parameter optimization routine, based on the Levenberg-Marquardt algorithm. Sliding contact was modeled using an impermeable spherical indenter with a diameter of ∅25 mm sliding over a tissue construct 41.5 mm long, 7.5 mm wide, and 1.5 mm thick. Due to symmetry, only one-half of the geometry was modeled.
A reciprocating velocity of ±2.5 mm/s was prescribed for the indenter, over a sliding range of ±12.5 mm centered along the length of the construct. The indenter produced compressive deformation of 20 % of the thickness (0.3 mm). The contact interface between indenter and construct was assumed to be frictionless, as justified by the observation that the friction coefficient between a smooth impermeable round indenter sliding over native articular is very small, typically on the order of 0.02 (Ateshian and Wang, 1995; Caligaris and Ateshian, 2008) ; the friction coefficient of cartilage tissue constructs against glass has been observed to be similarly small in our prior studies (Bian et al., 2010b) . The bottom of the construct was fixed to a rigid impermeable substrate; this idealized boundary condition was adopted in lieu of the alternative idealized assumption of a frictionless interface with the substrate, based on our experimental observations that the tissue constructs adhered significantly to the substrate. Fluid was allowed to escape from the free boundaries not in direct contact with the indenter. The model consisted of 14208 hexahedral 8-node elements (74 along the length, 12 along the width and 16 along the thickness) and 18009 nodes. The mesh was biased along the thickness to produce thinner 
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elements near the top and bottom surfaces; a coarser mesh was also employed at the far ends along the length. A series of ten back-and-forth cycles of loading were analyzed, starting with the vertical compressive displacement of the indenter ramped up over 1 s, followed by 5 s of forward motion and 5 s of reverse motion, repeated 10 times. FEM results were visualized using the FEBio Postview environment (http://www.febio.org).
Mesenchymal stem cell isolation and culture
MSCs were isolated from the tibial and femoral bone marrow of 3-6 month old calves (Research 87, Boylston, MA, USA) as previously described . Cultures were initiated and expanded in high glucose Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 1 % penicillin/streptomycin/fungizone (PSF) and 10 % fetal bovine serum. Cultures were expanded at a ratio of 1:3 through passage two, with media changed twice weekly. MSCs from at least two donors were combined for each study. Separate MSC isolations were carried out per study.
Sliding contact (SLC) loading of acellular and MSCseeded constructs
For acellular studies, 2 % and 6 % type VII agarose (Sigma, St Louis, MO, USA) in phosphate-buffered saline (PBS) were separately cast to 1.5 mm thickness with small porous nylon webs embedded at each end. Gel slabs were then sectioned into rectangular strips (41.5 x 7.5 mm). Strips were subjected to 1 h of SLC at 5, 10 or 20 % axial strain applied at a velocity of 2.5 mm/s. Additional intact strips were evaluated for tensile properties. For cell-seeded studies, sterile type VII agarose (49 °C, 4 % w/v, Sigma, St Louis, MO, USA) in PBS was combined 1:1 with MSCs at 25 °C in chemically defined medium (CM) for a final seeding density of 20 million cells/mL. CM consisted of DMEM supplemented with 1X PSF, 0.1 μM dexamethasone, 50 µg/mL ascorbate 2-phosphate, 40 µg/ mL L-proline, 100 µg/mL sodium pyruvate, 6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 ng/mL selenous acid, 1.25 mg/mL bovine serum albumin, and 5.35 µg/mL linoleic acid. Rectangular cell-seeded agarose strips (41.5 x 7.5 mm) were formed as above, with porous webbing on either end. Strips were maintained in CM supplemented with 10 ng/mL TGF-β3 (CM+, R&D Systems, Minneapolis, MN, USA) with media (6 mL/strip) changed twice weekly.
After 21 d, mechanical (tensile and compressive) and biochemical properties were evaluated. To determine optimal loading parameters, additional pre-matured (21 d) strips were subjected to 3 h of sliding at 5, 10 or 20 % axial strain at 2.5 mm/s (0.1 Hz). Sliding was applied in CM with (CM+) or without (CM-) TGF-β3, with free-swelling controls cultured in parallel. Gene expression was assessed by real-time PCR directly after sliding. Samples for gene expression were harvested from the loaded region of strips. Two replicate experiments (from two different MSC isolations) were carried out with data from both experiments pooled. Cell viability after loading was assessed using the Live/Dead assay (Molecular Probes, Eugene, OR, USA) for the 20 % axial strain group.
From these preliminary studies, a loading regimen of 20 % axial strain at 2.5 mm/s in CM+ media was chosen for subsequent long-term sliding experiments. After 21 d of pre-culture in CM+, strips were subjected to 21 d of sliding contact. Loading was applied for 3 h daily, 5 d per week with free-swelling controls cultured in parallel. On days 21 and 42, strips were evaluated for tensile and compressive properties, as well as biochemical content and gene expression.
Mechanical testing of constructs
To evaluate tensile properties, an Instron 5848 Microtester (Instron, Canton, MA, USA) was used to apply uniaxial tension to intact strips seated into 120 grit sandpaper-coated grips as previously described (Huang et al., 2008) . Sample dimensions were determined using a digital caliper, and gauge length measured after placement in grips. A 0.5 %/ sec strain rate was applied until failure. The ramp tensile modulus was calculated from the measured geometry and the linear region of the stress-strain curve. Ultimate strain (strain at maximum stress) and toughness (integrated area under the stress-strain curve) were also determined for each sample. Preconditioning was not carried out before tensile testing, as previous work has demonstrated that testing cartilage in tension without preconditioning produces highly reproducible results (Park and Ateshian, 2006) .
To determine compressive mechanical properties, ∅4 mm disks were removed from the loaded region of strips and tested in unconfined compression using a custom testing apparatus (Mauck et al., 2006) . A static load of 1.56 kPa was applied to constructs for 5 min until equilibrium was reached. Following this creep deformation (~8-10 %), constructs were subjected to 10 % strain (at a ramp rate of 0.05 %/s) and then allowed to relax for 1000 s until equilibrium. Dynamic testing was carried out by applying an additional 1 % sinusoidal deformation to relaxed constructs at a frequency of 1.0 Hz. The equilibrium and dynamic moduli were determined as previously described (Mauck et al., 2006) . These data were also used to validate the model parameters chosen by curve-fitting the stress relaxation response and using these extracted parameters to predict the independent tensile testing response of samples (see Results section). After compressive testing, disks were frozen at -20 °C for subsequent biochemical evaluation.
Real time polymerase chain reaction (PCR)
Total RNA was extracted from cores removed from the contact region by two sequential isolations in TRIZOL-chloroform and quantified (ND-1000, Nanodrop Technologies, Wilmington, DE, USA). RNA quality was determined using 260/280 absorption ratios. Reverse transcription and amplification were carried out using an Applied Biosystems 7300 real-time PCR system with intron spanning primers and SYBR Green Reaction Mix (Applied Biosystems, Foster City, CA, USA) as previously described . Relative expression levels of aggrecan, collagen type II, collagen type I and proteoglycan 4 were quantified using the standard curve method and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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Biochemical analysis
Papain-digested disks were evaluated for sulfated glycosaminoglycan (GAG) and collagen contents using the 1,9-dimethylmethylene blue dye-binding (Farndale et al., 1986) and orthohydroxyproline (Stegemann and Stalder, 1967) assays, respectively, as in previous studies . A 1:7.14 orthohydroxyproline:collagen ratio was used (Neuman and Logan, 1950) . DNA content was determined using the commercially available PicoGreen dsDNA assay according to the manufacturer's instructions (Molecular Probes, Eugene, OR, USA). GAG and collagen are reported as percentage of construct wet weight while DNA is reported as amount per construct. The wet weights of constructs were highly consistent between groups and across experiments (p = 0.4), demonstrating negligible loss of water content due to loading.
Histology and immunohistochemistry
Constructs were fixed in 4 % paraformaldehyde, dehydrated through a graded series of ethanol washes, and paraffin embedded according to standard protocols. Sections (8 μm) were cut onto glass slides and stained with hematoxylin and eosin (H&E, Sigma, St. Louis, MO, USA), Alcian Blue (pH 1.0) or Picrosirius Red for cell distribution, proteoglycans, and collagens, respectively. For immunohistochemistry, antigen retrieval was performed by incubating sections in proteinase K (20 μg/mL in Tris-EDTA buffer, pH 8.0) at 37 °C for 15 min, then at 25 °C for 10 min. Primary antibodies specific for collagen type I (MAB3391, Millipore, Billerica, MA, USA) and collagen type II (11-116B3, Developmental Studies Hybridoma Bank, Iowa City, IA, USA) were used. Subsequent reaction and visualization with DAB chromagen reagent (DAB150 IHC Select, Millipore, Billerica, MA) was carried out as described in detail in previous studies (Huang et al., 2008) . Colour images were captured at 2.5x or 10x magnification using a microscope equipped with a colour CCD digital camera and the QCapturePro acquisition software. Depth-dependent inhomogeneity in matrix deposition was assessed on Alcian Blue-stained construct crosssections (Image J, National Institute of Health, Bethesda, MD, USA). To carry out these analyses, color images were converted to 32-bit grayscale images. Each cross-section was divided into three layers of equal thickness (surface, middle, deep), and mean intensity was measured in each layer (255: black, 0: white).
Statistical analysis
Statistical analysis was performed on mechanical, biochemical and histological data using one way ANOVA (n = 6 for all studies). A two-way ANOVA was used to assess differences in gene expression, with independent variables of axial strain and media condition. Where significance was indicated by ANOVA, Fisher's LSD post-hoc tests were performed. Mean values for gene expression were determined from four to six samples per experimental group. Significance for all statistical measures was determined at p ≤ 0.05 and a trend toward significance noted when p < 0.1. All values are reported as mean ± standard deviation.
Results
Sliding contact bioreactor characterization
A displacement-controlled bioreactor was constructed to apply sliding contact (SLC) to hydrogel constructs by means of spherical indenters (Fig. 1A-D) . Indenter sizes ranging from ∅2-∅25 mm were initially considered. Calculations derived from the indenter geometry (spherical) and an assumed axial deformation of 10 % showed that increasing indenter diameter increased the contact area, while decreasing the strain rate for a given sliding velocity (Fig. 1E) . As indenter curvature was less steep with increasing diameter, axial strain rates were minimized with larger indenter sizes. Assuming an indenter size of ∅25 mm and 10 % axial strain, sliding velocities of 2.5-20 mm/s were next considered. Axial strain rates generated at 20 mm/s reached nearly 200 %/s while lower sliding velocities generated much lower strain rates (~25-50 %/s, Fig. 1F ). From these initial calculations, an indenter diameter size of ∅25 mm and sliding velocity of 2.5 mm/s were incorporated into the bioreactor design and used for all experiments. Given a sliding contact path of ~13 mm in length, the frequency of sliding was ~0.1 Hz.
In addition to the above considerations, a range of axial strains was also applied to assess the effects of SLC on chondrogenesis. Calculations based on ∅25 mm indenter size and 2.5 mm/s sliding velocity showed that increasing the applied axial strain (5-20 %) also increased indenter contact area (Fig. 1G) . Axial strain rate was also higher with increasing axial strain, with non-uniform strain rates generated throughout the displaced region. While strain rates were lowest at the center of the indented region (regardless of the applied strain), strain rates increased with increasing distance from the center due to the curvature of the indenter (Fig. 1H) .
Finite element modeling (FEM) of sliding contact
Curve-fitting of the unconfined compression stressrelaxation response of day 21 MSC-seeded constructs produced the following properties: E Y = 11.1 ± 5.5 kPa, ξ = 19.5 ± 3.5 kPa, and k = (22.5 ± 2.2) ×10 -3 mm 4 /N×s (mean ± standard deviation, n = 6 samples). The coefficient of determination for these curve-fits was R 2 = 0.984 ± 0.002 (Fig. 2) . When these properties were used to simulate the tensile responses of rectangular constructs at a rate of 0.5 %/s, the resulting predicted tensile modulus was 303 ± 57 kPa. Experimental measurements of the tensile modulus for similar rectangular constructs produced 337 ± 104 kPa (see below), a value not statistically different from the predicted modulus (p = 0.4). This verification provides a validation of the tissue constitutive model and fitted properties, since measurements obtained from one experimental test have been used to successfully predict the outcome of another experimental test.
Next, a finite element analysis was performed to estimate the magnitude and distribution of mechanical signals imparted by SLC on pre-matured, MSC-seeded constructs, using these validated properties (Figs. 3 and 4) . The analysis predicted the response to ten reciprocal cycles of sliding, representing the first 100 s of loading, providing representative measures of the construct response to AH Huang et al. Sliding contact loading improves chondrogenesis sliding contact. The analysis of these ten cycles required 15 h of computational time. The spatial distribution of the interstitial fluid flux and pressure are reported in Fig. 3 , on the return stroke of the last cycle, when the indenter reached the center of the construct (t = 97.5 s). The temporal response of these variables over the ten cycles of loading is also reported at each of the elements depicted in Fig. 4A , depicting the extent by which these variables underwent relaxation over 100 s of sliding contact. This analysis showed that fluid pressure (Fig. 4B ) was highest directly underneath the indenter (element 1) and nearly uniform through the thickness of the construct (Fig. 3B) . The peak value of the pressure at element 1 was approximately 0.15 MPa and relaxed down to 0.12 MPa after the tenth cycle (Fig. 4B) ; based on a simple exponential decay, the characteristic time constant of this relaxation was approximately 110 s, and it may be estimated by extrapolation that the steady-state value of the pressure would be approximately 0.1 MPa. The maximum normal strain was tensile throughout the construct (Fig. 3C) ; its magnitude was elevated in the top half of the thickness under the center of the contact region, where its principal direction was oriented tangential to the contact surface. An elevated value was also observed at the interface with the substrate, likely due to the assumption of adhesive conditions at that boundary. The maximum normal strain also exhibited a relaxation behavior, reducing in magnitude over time (Fig. 4C) . The minimum normal strain was compressive throughout the construct, with its peak magnitude located directly under the indenter, and decreasing in magnitude with depth from the surface (Fig.  3D) , consistent with previous calculations (Fig. 1G ). Over time, the peak magnitude of this compressive strain held relatively constant at element 1, at -0.20 (Fig. 4D) .
Regions of highest fluid flow were observed at the outer edge of the contact region, producing efflux from the construct (Fig. 3B) . Despite the longitudinal motion of the indenter, fluid flux flowed radially out from underneath the indenter at all locations around the edge of contact, including the leading and trailing edges. Though the greatest fluid flux magnitude occurred at the surface (~0.004 mm/s peak value), elevated values were observed throughout the thickness of the construct, underneath the footprint of the contact region. However, fluid flux remained negligible near the outer boundaries of the construct (Fig. 3B) . 
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Validation of sliding contact bioreactor
After construction of the bioreactor system, initial studies were performed on acellular agarose constructs. Consistent with our previous studies (Huang et al., 2008) , increasing agarose concentration resulted in a higher tensile modulus, without changing the ultimate strain (Fig. 5A ). For both 2 % and 6 % acellular agarose constructs, ultimate tensile strain was ~10 %. Under chondrogenic culture, the tensile modulus of MSC-seeded constructs was higher at day 21 (compared to 2 % agarose starting values) and was akin to that of the 6 % acellular agarose constructs (~270 kPa). The ultimate strain also improved by day 21 to ~40 % as matrix was deposited within the construct (compared to ~10 % starting values, Fig. 5A ). Similarly, the compressive properties and biochemical content increased with time in culture (Fig. 5B ). Under SLC, both 2 % and 6 % acellular gels consistently fractured through the midline (along the sliding contact path) for all axial strains applied (not shown). Fracture was observed in all cases within a few minutes after initiation of loading. In contrast, pre-cultured MSC-seeded constructs remained intact after 3 h of SLC at 20 % axial strain (and with much longer loading regimens, as detailed below). No adverse effect on cell viability was observed with SLC compared to free-swelling (FS) controls (Fig. 5C ). Based on these findings, MSC-seeded constructs were chondrogenically pre-cultured for 21 d prior to the initiation of sliding for subsequent studies.
Chondrogenic gene expression in MSC-seeded constructs with short-term application of sliding contact
To assess the effects of SLC on chondrogenic gene expression, loading was applied for 3 h at 2.5 mm/s on MSC-seeded constructs following 21 d of pre-culture. Axial strains of 5 %, 10 % and 20 % were evaluated and SLC was carried out in defined media in the presence (CM+) and absence (CM-) of TGF-β3. When SLC was applied in CM-, collagen type II and aggrecan expression were higher in groups subjected to 20 % axial strain, compared to FS. An axial strain-dependent effect was observed in SLC constructs in CM+. While 5 % strain did not alter collagen type II or aggrecan expression compared to FS controls (p > 0.1), SLC at 10 % axial compression increased the expression of both collagen type II (p = 0.015) and aggrecan expression (trend, p = 0.067). Expression levels for these genes were further increased when SLC was applied at 20 % strain, and were significantly higher compared to all other groups within each media condition (Fig. 6 ). An increase in proteoglycan 4 expression was only observed in SLC constructs at 20 % strain in CM+. Interestingly, compared to the chondrogenic genes, collagen type I gene expression was considerably less responsive to SLC (Fig. 6D ). As results from these studies demonstrated that SLC applied at 20 % axial strain in CM+ was optimal for promoting chondrogenic www.ecmjournal.org
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gene expression, these parameters were employed for subsequent long-term studies.
Functional properties of MSC-seeded constructs after long-term application of sliding contact
To evaluate whether long-term application of SLC could direct functional maturation, MSC-seeded constructs were subjected to 21 d of daily sliding contact (20 % axial strain, 2.5 mm/sec sliding velocity, 0.1 Hz, 3 h/d) following 21 d of pre-culture in CM+. By day 42, tensile properties were significantly greater compared to day 21, for both FS and SLC groups (p < 0.05). The tensile stiffness and tensile modulus both increased with SLC, reaching values of ~0.8 N/mm and ~750 kPa, respectively (compared with ~0.6 N/mm and ~600 kPa for FS controls, Fig. 7A , B). Day 21 and day 42 values for ultimate tensile strain were similar; this measure was unchanged with SLC and remained at ~40 % (not shown). DNA content was maintained at day 21 starting values with long-term SLC; in contrast the DNA content of FS samples continued to increase past day 21 values (Fig. 7C) . When normalized to wet weight, both GAG and collagen contents were higher in SLC compared to FS (trend p < 0.1). This difference between FS and SLC was more pronounced when GAG and collagen contents were normalized to DNA, with p values of 0.058 and 0.001, respectively (not shown). Although GAG content plateaued in FS between days 21 and 42, collagen content was higher by day 42 (p < 0.01, Fig. 7D, E) . Collectively, these results demonstrated that repeated SLC loading induced a shift from cell proliferation to enhanced matrix deposition, resulting in an increase in tensile properties.
Depth-dependent matrix distribution in MSC-seeded constructs after long-term sliding contact
To assess whether matrix distribution was affected by SLC, cross-sections were stained with Alcian Blue to visualize proteoglycans (Fig. 8A, B) , and staining intensity was quantified through the depth. Histology showed distinct differences in depth-dependent matrix distribution at day While the tensile modulus increased with higher agarose concentration, the ultimate strain was comparable between 2 % and 6 % acellular agarose. After 21 d of culture in CM+, the tensile modulus of MSC-seeded constructs was the same as 6 % agarose, but the ultimate strain was 4-fold higher compared to acellular constructs. (B) Mechanical and biochemical properties of MSCseeded constructs improved with time in chondrogenic culture. (C) Preliminary studies showed no adverse effect on cell viability when SLC was applied to pre-cultured MSC-seeded constructs at 20 % axial strain at 2.5 mm/s for 3 h. Data represent the mean and standard deviation of six samples. * indicates greater than 2 % agarose (p < 0.05).
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42. Alcian blue staining intensity was comparable in the deep zones of FS and SLC constructs. While there was a slight increase in intensity at the surface zones of FS constructs, the staining intensity at the surface of SLC constructs was greater. Proteoglycan distribution was homogeneous through the depth in FS, however, type II collagen staining was non-uniform. The surface half of FS constructs exhibited even staining while the deep regions were marked by punctate type II collagen staining. In contrast, type II collagen was continuously distributed through the depth in SLC constructs; as with Alcian Blue staining, intense collagen staining was observed in the surface region (Fig. 8C) .
Discussion
MSCs are an attractive cell type for cartilage regeneration therapies given their chondrogenic potential; however, the mechanical properties of MSC-seeded constructs remain limited to date. To improve these functional properties and instill the structural features of articular cartilage, we and others have previously explored direct mechanical stimulation to enhance MSC chondrogenesis (Angele et al., 2004; Grad et al., 2011; Huang et al., 2010b; Mouw et al., 2007) . Within a variety of biomaterial systems, MSCs are sensitive to their mechanical environment and MSC differentiation and functional properties can be enhanced by mechanical conditioning. However, current systems to date are not specifically designed to instill hallmark properties of articular cartilage (inhomogeneity and anisotropy). As these characteristic properties arise during cartilage maturation with the advent of physiologic loading (Williamson et al., 2003b) , we hypothesized that a loading configuration more representative of joint loading may be required. To design such a system, we first considered the native mechanical cues arising from joint movement. During physiologic loading, most of the applied load is supported by pressurization of the interstitial fluid, which shields the solid matrix from excessive deformation. Direct measurements of interstitial fluid pressure in cartilage, and the ability to accurately predict such measurements with the biphasic theory by incorporating the tension-compression nonlinearity of the solid matrix, have established that intrinsic (flow-independent) viscoelasticity of the solid matrix plays a significantly lesser role in the dissipative part of the cartilage response (Park and Ateshian, 2006; Soltz and Ateshian, 1998; . Theoretical predictions suggest that the fluid load support can be sustained for several hours of loading under congruent, migrating contact configurations, as long as the migrating speed is significantly greater than the characteristic diffusion velocity of interstitial fluid ( Ateshian and Wang, 1995; Caligaris and Ateshian, 2008) . The same phenomenon is observed for higher indenter deformation (given a relatively large indenter radius), as this also leads to greater contact areas that extend the time required for pressurized fluid to escape from the loaded regions. This sustained fluid pressurization occurs only when the contact area migrates over the porous tissue construct, since sustained loading over a stationary contact area would cause relatively rapid fluid efflux and loss of pressurization. With these considerations in mind, we designed a novel bioreactor system with spherical indenters and a reciprocating contact area. Calculations were performed varying the indenter diameter, the travel velocity and the applied axial deformation to assess contact areas and strain rates, in order to best replicate in vivo conditions, given the evolving properties of the growing tissue constructs. Applying these considerations, we constructed and characterized a novel sliding contact bioreactor and evaluated short-term mechanosensitivity and longterm development of functional properties in MSCseeded agarose constructs. Initial short term loading studies showed that chondrogenic gene expression was dependent on the applied axial deformation and TGF-β3 supplementation. Aggrecan and collagen type II gene expression was enhanced under 20 % axial deformation with both media conditions, but was greatest in the presence of TGF-β3. This was consistent with our previous studies showing that long-term improvements in functional chondrogenesis was only observed in media containing TGF-β3 (Huang et al., 2010a) . Interestingly, human MSC-seeded fibrin-polyurethane sponges subjected to simultaneous compression and shear responded positively to loading only in the absence of TGF-β1 (Li et al., 2009a) . While chondrogenic gene expression was higher in groups treated with TGF-β1, no additional effect was observed with loading when exogenous TGF-β1 was present. Our different findings may be due to a number of factors, including the difference in pre-culture time allowed prior to the initiation of loading (7 d (Huang et al., 2010a; Thorpe et al., 2010) . In addition, the bioreactor system used in the studies of Li et al. (2009a) is distinct from the current system, in that shear loading is superimposed on dynamic compressive loading. Though not characterized or described in their study, the interaction of physical signals imparted by their bioreactor and the local microenvironment surrounding MSCs within their heterogeneous scaffold material at the time of loading are likely to be very different compared to the system used in the current work. Based on our short-term studies, we next applied long-term sliding contact using optimized parameters (20 % axial deformation with 10 ng/mL TGF-β3). With 3 weeks of SLC loading, tensile properties and biochemical content of MSC-based constructs improved compared to non-loaded controls. We also observed biochemical inhomogeneity within the constructs subjected to sliding, with collagen type II staining most intense in the surface region. Unexpectedly, inhomogeneity in proteoglycan distribution mirrored that of collagen, where PG staining intensity was greatest in the surface region with SLC. This finding is inconsistent with the structure of native articular cartilage, where proteoglycans are greatest in the middle and deep zones, and so suggests that sliding contact may have a general stimulatory effect in this surface region. Indeed, in cartilage explants, aggrecan expression is highest in regions of highest fluid flow (Buschmann et al., 1999) . FEM analysis showed that the physical signals arising from sliding contact were indeed depth-dependent. Tensile and compressive strains and fluid flux in particular were consistently elevated near the surface regions, though elevated values of fluid pressure and fluid flow also spanned the construct depth. The tensile strains generated with sliding also exhibited direction-dependence with tensile strains of >10 % observed parallel to the sliding direction. Therefore, while SLC does impart mechanical signals that share some features with dynamic compressive loading, the overall mechanical environment generated by SLC is considerably more complex and uniquely depth dependent. Interestingly, preliminary experiments with acellular agarose constructs showed that fracturing along the midline (parallel to the sliding direction) occurred soon after the initiation of sliding contact. While the tensile moduli of acellular constructs differed, the ultimate tensile strains were consistently ~10 %. As proof of principle, day 21 MSC-based constructs (ultimate tensile strain: ~40 %) were able to withstand hours of repeated loading, suggesting that the physical cues predicted by the FEM analysis were reflected in our sliding contact system, and that the complex mechanical environment generated by sliding contact loading may dictate the depth dependent localization of matrix molecules observed in this study.
Our FEM predicts that the mechanical environment experienced by the cells in the surface half of constructs is Sliding contact loading improves chondrogenesis complex. Tensile and compressive strains are both present, along with elevated fluid pressure and radially directed fluid flow. While chondrocyte (Buschmann et al., 1995; Lima et al., 2007; Mauck et al., 2002; Mauck et al., 2000) and MSC (Huang et al., 2010a; Huang et al., 2004a; Mauck et al., 2007; Mouw et al., 2007; Thorpe et al., 2008) response to dynamic compressive strains is relatively well documented, fewer studies have assessed the effect of tensile strains in a cartilage tissue engineering context. In general, dynamic compressive loading enhances chondrogenic gene expression and, in the case of chondrocytes, improves GAG content. Previous work applying dynamic tensile loading to chondrocyte-seeded fibrin showed reduced proteoglycan synthesis with loading (Connelly et al., 2004) . Tensile loading of superficial zone chondrocytes seeded in fibrin promoted proteoglycan synthesis, while the same loading applied to deep zone chondrocytes did not (Vanderploeg et al., 2008) . When cyclic tension was applied to MSCs seeded in collagen-GAG scaffolds, the rate of GAG synthesis was enhanced (McMahon et al., 2008) . In another study using MSC-seeded fibrin gels, proteoglycan synthesis was only enhanced during early stages of tensile loading while protein synthesis remained elevated at later stages (Connelly et al., 2010) ; collagen type I expression was also stimulated while no change was observed in collagen type II or aggrecan expression, consistent with a fibrocartilaginous phenotype. Although we observed a small increase in collagen type I expression with sliding contact, we saw a far greater response in collagen type II and aggrecan expression levels. Collectively, these studies show that both compressive and tensile deformations applied to MSC-seeded constructs can enhance GAG and collagen content, consistent with the results of the current study. While the tensile properties and collagen content improved with sliding contact by 25 % and 15 %, respectively, the values reached are still far lower than that of articular cartilage. Because the collagen content was relatively low, collagen orientation was not readily assessed by polarized light microscopy and preliminary analysis of collagen alignment showed no differences between groups. It is possible that 3 weeks of sliding was insufficient and longer-term loading will be required to enhance collagen anisotropy. Alternative methods of analysis, such as Fourier transform infrared imaging spectroscopy (Bi et al., 2005) or second harmonic imaging microscopy (Stoller et al., 2002) , may also be used to capture early changes in collagen alignment that were not evident from polarized light microscopy analysis. In this study, tensile properties were only assessed parallel to the sliding direction; however these properties could also be assessed perpendicular to the sliding direction to evaluate the development of mechanical anisotropy. Further, it would be of interest to evaluate the depth-dependent inhomogeneity that may arise from differential matrix deposition through the construct (Kelly et al., 2006; Wang et al., 2002) .
While we chose a 3 week pre-culture duration based on our previous studies using dynamic compression, a longer pre-culture duration may enhance baseline construct properties prior to the initiation of sliding and lead to improved mechanical outcomes, as tensile properties continue to increase past this time point (Huang et al., 2008) . In addition, differences in construct geometries slow the rate of matrix accumulation over time, as the diffusion limitations in the large rectangular agarose strips used in this study would be expected to be more severe compared to smaller agarose cylinders used in previous studies. To overcome these limitations, dynamic culture conditions (agitation of media) may be investigated in future studies. In addition, the presence of agarose itself may limit the extent of matrix remodeling as agarose is biologically inert and does not degrade. The morphology of chondrocytes in the superficial zone of native cartilage is flattened in shape and oriented parallel to the surface; the use of agarose may prevent cells from adopting such morphology. As a rounded phenotype is necessary for proper chondrogenic induction, a hydrogel that evolves with time in culture may be more ideal. Recent work suggests that hydrogels containing hydrolytically or matrix metalloproteinase (MMP)-degradable components enhance collagen deposition by increasing pore-size over time (Bryant and Anseth, 2003; Chung et al., 2009) . Such novel biomaterials, coupled with bioreactors systems that provide defined and spatially regulated mechanical cues, may better direct MSC-mediated matrix remodeling and construct maturation in response to sliding contact. Ultimately, better recapitulation of the direction dependent mechanical properties that typify native tissues, and result from its adaptation to a complex loading environment, may improve the long term success of engineered constructs.
Discussion with Reviewers
Reviewer I: Can the authors discuss whether they believe such bioreactor systems will be used clinically, or if they feel their real utility lies in improving our basic understanding of MSC/cartilage mechanobiology? Authors: There exists a competing duality in the field of tissue engineering between what is 'practical' for clinical application, and what might be 'necessary' in terms of design to fully recapitulate articular structure and function. With the former consideration, any added level of complication would increase cost, time, and regulatory hurdles to the tissue engineering process. For the latter, imperfect replication (or evolution) of native tissue structure and function would increase the probability of early construct failure. It has not yet been ascertained by the field whether one needs to fully replicate the native tissue structure and function prior to implantation of an engineered construct. The bioreactor system employed here promotes development of key features in cartilage that are not yet established (i.e., tensile modulus). It may be that, when situated in a native loading environment, a construct would undergo the same maturation process as in our bioreactor system. If true, then our system could serve to optimize this maturation process by defining salubrious rehabilitation regimens by helping us to understand the underlying mechanobiology of this loading modality. Alternatively, if the field ultimately finds that any tissue that does not match native tissue properties is doomed to failure, then our device may be used to promote a clinically relevant construct for implantation, albeit at an added cost.
Reviewer I: This study demonstrated significant differences in gene expression due to loading in the short-term, yet only a trend towards changes in ECM accumulation in the long-term. What does this say about utility of RT-PCR for predicting longer term outcomes in bioreactor studies? Authors: Our general feeling on this matter is that RT-PCR is best used as a rough guide of the direction in which a construct is going with respect to the loading conditions applied, and that measurement of real content, accumulated over days and/or weeks, represents the most valid culmination of this response. While it is sometimes frustrating to wait such lengthy periods, we often find disagreement between early term anabolic responses and long term functional maturation. This was most telling in our recent publication (Huang et al., 2010a) , where dynamic compressive loading could lead to increased anabolic gene expression response in the short term, but a generally catabolic response when applied over several weeks, most likely due to degradative processes that are simultaneously initiated.
Reviewer II: Given the heterogeneity of the mechanical microenvironment of cells within tissue engineered constructs, to what extent can models which are based on homogenization techniques and bulk mechanical properties of tissues predict the mechanical signals at the cell level and what promising alternatives are available to improve our evaluation of these signals? Authors: This is an important point to consider in the interpretation of any change in cellular behavior in 3D culture in response to a defined mechanical stimulus. Even in relatively simple loading configurations (i.e., dynamic axial unconfined compression), there exist marked gradients in fluid pressure and fluid flow through the radial expanse of a construct. Here, with sliding contact, we show marked spatial heterogeneity in the kinds (and magnitudes) of physical signals that cells will experience. This does suggest that methods that assume a homogeneous response across a tissue construct would fail to capture the complexity of cellular response based AH Huang et al. Sliding contact loading improves chondrogenesis on local signals. Methods pioneered by the Grodzinsky lab at MIT showed that radioisotope labeling, coupled with histology, could localize and quantify proteoglycan and collagen production in the cellular microenvironment (for example, Buschmann et al., 1999) . Work by Schinagl et al. (1997) and Wang et al. (2002) developed methods for local analysis of construct material properties, which could further inform theoretical representations and predication of local biophysical response with construct development. Others have separated constructs into annular and core regions with loading to try to isolate local responses. We have also experimented with the use of reporter promoter constructs (luciferase and GFP as the readout) to visualize and quantify local cell behavior . We have recently adopted newer methods, including laser capture microdissection and quantitative fluorescent in situ hybridization (Raj et al., 2008) to query individual cell response. As molecular (and even whole genome) analysis methods improve, enabling quantification at the single cell level, new insights might be gleaned as to the true local response of a cell to its complex, but well defined, biophysical environment.
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